Chromatin modifiers regulate lifespan in several organisms, raising the question of whether changes in chromatin states in the parental generation could be incompletely reprogrammed in the next generation and thereby affect the lifespan of descendants. The histone H3 lysine 4 trimethylation (H3K4me3) complex, composed of ASH-2, WDR-5 and the histone methyltransferase SET-2, regulates Caenorhabditis elegans lifespan. Here we show that deficiencies in the H3K4me3 chromatin modifiers ASH-2, WDR-5 or SET-2 in the parental generation extend the lifespan of descendants up until the third generation. The transgenerational inheritance of lifespan extension by members of the ASH-2 complex is dependent on the H3K4me3 demethylase RBR-2, and requires the presence of a functioning germline in the descendants. Transgenerational inheritance of lifespan is specific for the H3K4me3 methylation complex and is associated with epigenetic changes in gene expression. Thus, manipulation of specific chromatin modifiers only in parents can induce an epigenetic memory of longevity in descendants.
Chromatin modifiers regulate lifespan in several organisms, raising the question of whether changes in chromatin states in the parental generation could be incompletely reprogrammed in the next generation and thereby affect the lifespan of descendants. The histone H3 lysine 4 trimethylation (H3K4me3) complex, composed of ASH-2, WDR-5 and the histone methyltransferase SET-2, regulates Caenorhabditis elegans lifespan. Here we show that deficiencies in the H3K4me3 chromatin modifiers ASH-2, WDR-5 or SET-2 in the parental generation extend the lifespan of descendants up until the third generation. The transgenerational inheritance of lifespan extension by members of the ASH-2 complex is dependent on the H3K4me3 demethylase RBR-2, and requires the presence of a functioning germline in the descendants. Transgenerational inheritance of lifespan is specific for the H3K4me3 methylation complex and is associated with epigenetic changes in gene expression. Thus, manipulation of specific chromatin modifiers only in parents can induce an epigenetic memory of longevity in descendants.
Transgenerational epigenetic inheritance has been described for some traits, including flower symmetry and colour in plants [1] [2] [3] , progeny production in worms 4 , heat stress response and eye colour in Drosophila [5] [6] [7] , and coat colour in mammals [8] [9] [10] . However, the transgenerational epigenetic inheritance of longevity, and more generally of complex traits, is largely undefined. Chromatin modifiers have been shown to regulate longevity in several species [11] [12] [13] [14] [15] [16] [17] [18] , raising the possibility that chromatin changes in parents might not be entirely reset between generations and thereby also regulate longevity in descendants. Deficiencies in the H3K4me3 regulatory complex composed of ASH-2, WDR-5 and SET-2 extend lifespan in C. elegans 12 . We asked if perturbation of members of the H3K4me3 regulatory complex (ASH-2, WDR-5 and SET-2) only in the parental generation could regulate the lifespan of descendants in subsequent generations in C. elegans.
Transgenerational inheritance of longevity
We first focused on WDR-5, a conserved regulatory component of the ASH-2 complex 19 whose depletion decreases H3K4me3 levels 12, [20] [21] [22] and extends lifespan in worms 12 . To test whether longevity could be inherited in a transgenerational epigenetic manner, we crossed wild-type (1/1) males with wdr-5(ok1417) mutant (wdr-5/wdr-5) hermaphrodites to generate F1 heterozygous hermaphrodites ( Fig. 1a ). These F1 heterozygous hermaphrodites were genotyped and then self-crossed to generate F2 hermaphrodites (wild type, heterozygous and homozygous at the wdr-5 locus), which were genotyped after they had laid F3 generation progeny. In parallel, we crossed a wild-type male with a wild-type hermaphrodite to generate pure wild-type descendants and control for any beneficial longevity effects that could come from crossing rather than self-mating ( Fig. 1a ). Longevity of genetically wild-type descendents from wildtype or wdr-5 mutant ancestors was compared in the F3, F4 and F5 generations. Interestingly, genetically wild-type F3 descendants from P0 wdr-5 parents (1/1 from P0 wdr-5 parents) still showed a ,20% extension of lifespan (P , 0.0001) compared to descendants from pure wild-type parents (1/1 from P0 WT parents) ( Fig. 1b ). This 20% lifespan extension was similar in magnitude to the lifespan extension of pure F3 wdr-5(ok1417) mutants (wdr-5/wdr-5) (Fig. 1b ). The lifespan of genetically wild-type descendants from wdr-5(ok1417) mutant parents (1/1 from P0 wdr-5 parents) was still extended in the F4 generation ( Fig. 1c ), but was no longer extended in the F5 generation ( Fig. 1d ). Thus, wdr-5 deficiency only in the parental generation can extend the lifespan of subsequent generations. Because the lifespan of F5 generation wild-type descendants from wdr-5 mutant parents is no longer extended, the lifespan extension observed in the F3 and F4 generations is unlikely to be due to extraneous mutations that might have been present in the parental wdr-5 mutant strain. Instead, the transgenerational inheritance of longevity may be due to epigenetic changes in H3K4me3 itself or in another molecule that can only be inherited for a limited number of generations.
We next asked if a transgenerational epigenetic heritability of lifespan was also observed with SET-2, the H3K4me3 methyltransferase enzyme that functions together with ASH-2 and WDR-5 to regulate H3K4me3 levels 12, [20] [21] [22] and longevity in C. elegans 12 (Fig. 2) . Similar to what we observed for wdr-5, genetically wild-type descendants from set-2(ok952) mutants still had a ,30% extension of lifespan (P , 0.0001) in the F3 and F4 generations ( Fig. 2b, c) , but not in the F5 generation ( Fig. 2d ). Genetically wild-type F3 descendants from the reverse cross-P0 set-2(ok952) males crossed with wild-type hermaphrodites-were also long-lived (Supplementary Table 1 ), indicating that transgenerational inheritance of longevity is not linked to a particular gender in the parental generation.
ASH-2 is important for the conversion of H3K4 dimethylation (H3K4me2) to H3K4me3 (ref. 23 ). Knockdown of ash-2 by RNA interference (RNAi) in worms decreases global H3K4me3 levels at the L3 stage 12, 22 and extends longevity 12 . We asked if ash-2 knockdown only in the parental generation affected the lifespan of several generations of descendants. Wild-type parent worms (P0) were placed on plates with bacteria expressing RNAi to ash-2 from birth to the larval stage L4, then switched every day for 3 days onto plates containing OP50-1 bacteria and streptomycin to selectively prevent the growth of RNAi-expressing bacteria ( Fig. 3a ). Endogenous ash-2 messenger RNA and ASH-2 protein levels were significantly decreased in the P0 generation, but returned to normal levels in subsequent generations (Fig. 3b , c), indicating that ash-2 RNAi is not itself inherited. The lifespan of worms from the F1, F2 and F3 generations in which ash-2 had been knocked down only in the P0 parental generation was still significantly extended (19-27%, P , 0.0001) compared to that of descendants of worms treated with empty vector control in the P0 parental generation ( Fig. 3d-g) . By contrast, F4 generation descendants no longer had extended lifespan ( Fig. 3h ). We obtained similar results after bleaching P0 worms to avoid potential carry over of RNAi-expressing bacteria (data not shown). Thus, alteration of the components of the H3K4me3 from set-2(ok952) mutant worms (1/1 from P0 set-2 parents) compared to descendants of wild-type worms (1/1 from P0 WT parents). Mean lifespan and statistics are presented in Supplementary Table 1 . of wdr-5(ok1417) mutant worms (1/1 from P0 wdr-5 parents) compared to descendants of wild-type worms (1/1 from P0 WT parents). Mean lifespan and statistics are presented in Supplementary Table 1 .
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methyltransferase complex (ASH-2, WDR-5 and SET-2) in parents affects the lifespan of descendants, supporting the possibility that transgenerational inheritance of longevity is due to epigenetic changes that may only be inherited for a limited number of generations.
Importance of the H3K4me3 demethylase and germline
The H3K4me3 demethylase RBR-2 is necessary for the lifespan extension caused by deficiencies in members of the ASH-2 complex 12 . We asked if the transgenerational extension of longevity induced by deficiencies in members of the ASH-2 complex is dependent on RBR-2.
The lifespan of genetically wild-type F3 descendants from P0 wdr-5 parents (1/1 from P0 wdr-5 parents) was no longer extended in the presence of rbr-2 RNAi (Fig. 4a, b) . Similarly, F3 wild-type descendants from set-2;rbr-2 parents (1/1 from P0 set-2;rbr-2 parents) were no longer long-lived ( Supplementary Fig. 1 ). Together, these data indicate that the transgenerational inheritance of longevity due to deficiencies in H3K4 trimethylation complex members is dependent on the H3K4me3 demethylase RBR-2. The fact that the longevity of wild-type descendants of wdr-5 and set-2 mutants is reverted by deficiencies in rbr-2 also indicates that this extended lifespan is unlikely to result from extraneous mutations in wdr-5 or set-2 strains. rbr-2 mutation or knockdown did not lead to a shortening of lifespan in descendants ( Supplementary  Fig. 2 Supplementary Table 2 .
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with deficiencies in ASH-2 complex members also require the presence of a functioning germline for lifespan extension, we used temperaturesensitive feminized fem-3(e2006) mutant worms, which do not produce mature eggs at the restrictive temperature 24 . Knockdown of ash-2 and wdr-5 only in parents extended the lifespan of the F1 generation in fem-3(e2006) mutant worms at the permissive temperature (16 uC), but not at the restrictive temperature (25 uC) ( Supplementary Fig. 3 ). To independently examine if the germline is required for the longevity of wild-type descendants of mutants of ASH-2 complex members, we used pgl-1(bn101) temperature-sensitive mutants that cannot form a functioning germline at the restrictive temperature 25 (Fig. 4c, d) . F3 generation pgl-1 descendants from wdr-5;pgl-1 mutant parents no longer had an extended lifespan compared to pgl-1 descendants from pgl-1 parents at the restrictive temperature (25 uC) ( Fig. 4c, d) . Thus, a functioning adult germline is necessary for the long lifespan of wild-type descendants of parents with deficiencies in members of the ASH-2 complex. progeny from daf-2(e1370) mutant worms (daf-2/daf-2). d, Lifespan of genetically wild-type F3 descendants from daf-2(e1370) mutant worms (1/1 from P0 daf-2 parents). Mean lifespan and statistics are presented in Supplementary Tables 2 and 4 .
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Specificity of epigenetic memory of lifespan
We then asked if the transgenerational inheritance of longevity is specific to H3K4me3 modifiers or if it is also observed with chromatin modifiers of other marks (set-9, set-15 and utx-1), and more generally with genes in known longevity pathways: insulin signalling (age-1 and dod-23), mitochondria (cco-1 and cyc-1) and stress resistance (asm-3) 12, 17, 18, [26] [27] [28] [29] [30] [31] [32] . In contrast to what we observed for ash-2 and wdr-5, knockdown of set-9, set-15, utx-1, age-1, asm-3, cco-1, cyc-1 and dod-23 only in parents did not extend the lifespan of the F1 generation (Fig. 5a, b and Supplementary Fig. 5 ). Similarly, genetically wild-type F3 descendants from long-lived daf-2(e1370) 33 mutant worms (1/1 from P0 daf-2 parents) had no significant extension of lifespan (6% P 5 0.1955) (Fig. 5c, d) . Collectively, these findings indicate that transgenerational extension of longevity is relatively specific to H3K4me3 chromatin modifiers, and further indicate that the H3K4me3 mark may be important for epigenetic memory of lifespan between generations. As SET-9, SET-15 and UTX-1, unlike members of the ASH-2 complex, regulate lifespan in a manner that is independent of the germline 12, 17, 18 , it is also possible that transgenerational inheritance of longevity is specific to chromatin regulators that act in the germline.
Transgenerational inheritance of gene expression
We next determined if transgenerational inheritance of lifespan is associated with heritable changes in H3K4me3. Western blot and immunocytochemistry showed that global H3K4me3 levels were not decreased in F3 and F4 generation genetically wild-type descendants from wdr-5 and set-2 parents or in F1 and F2 generation descendants from ash-2 or wdr-5 knockdown only in parents (Fig. 6a, b and Supplementary Figs 6, 7) . Thus, transgenerational inheritance of lifespan is unlikely to be mediated by a heritable global decrease in H3K4me3 levels. Transgenerational inheritance of lifespan might be associated with heritable local changes of H3K4me3 at certain loci, which could affect expression of certain genes involved in longevity. To test this idea, we compared gene expression genome-wide in wildtype descendants from wdr-5 mutant and wild-type ancestors, and H3K4me3 DAPI Figure 6 | Genetically wild-type descendants from wdr-5 mutant parents exhibit differences in gene expression, but not in global H3K4me3 levels, compared to descendants from wild-type parents. a, b, Global H3K4me3 levels in the F4 generation by western blot (a) or in the F3 generation by immunocytochemistry (b) of L3 worms from genetically wild-type descendants from wdr-5 parents (1/1 from wdr-5) or wild-type parents (1/1 from WT), and wdr-5 mutants (wdr-5). Scale bars, 50 mm. c, Scheme for generating wildtype descendants from a cross between wdr-5(ok1417) null mutant worms and wild-type worms. Symbols represent RNA samples from L3 worms from three independent F2 ancestors on the first (closed symbols) or second (open symbols) day of egg-laying. d, Unbiased hierarchical clustering of WDR-5 regulated genes from the first day of egg-laying (Supplementary Table 9 ). Pvclust values are displayed on each node of the dendrogram. Values superior to 95 are considered significant. e, Principal component analysis (PCA) of the entire microarray data sets from the first day of egg-laying (Supplementary Table 5 ). PC, principal component. Symbols represent gene expression data from L3 worms collected on the first day of egg-laying ( Fig. 6c ).
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pure wdr-5 mutant descendants in the F4 and F5 generations (Fig. 6c ). For each condition, we collected triplicates of L3 stage worms from the first or second day of egg-laying ( Fig. 6c) , with the first day of egg-laying corresponding to the samples used for lifespan assays. Statistical analysis of microarray (SAM) identified 759 genes that were differentially regulated in wdr-5 pure mutants compared to wild-type worms, regardless of the generation ( Supplementary Table 7 ) and egg-laying day (Supplementary Fig. 8a ) (P 5 2.38 3 10 2116 , hypergeometric probability). These WDR-5-regulated genes are enriched for longevity, development and growth gene ontology terms ( Supplementary Fig. 8b) , consistent with WDR-5's reported functions 12, 21, 22 . As expected, WDR-5-regulated genes significantly overlap with ASH-2-regulated genes 12 (P 5 6.14 3 10 212 , hypergeometric probability, Supplementary Fig. 8c ) and are enriched for H3K4me3 (refs 34, 35) (P 5 2.49 3 10 234 , hypergeometric probability, Supplementary Fig. 8d ).
These observations indicate that WDR-5 functions together with ASH-2 to regulate a subset of genes by modulating H3K4me3 at these loci. We asked if the expression of some WDR-5-regulated genes might be transgenerationally inherited. Interestingly, a significant subset of WDR-5-regulated genes was still differentially regulated in wild-type descendants from wdr-5 mutant worms in the F4 generation ( Fig. 6d and Supplementary Fig. 10a ), but not in the F5 generation ( Fig. 6d and Supplementary Fig. 10a ), consistent with the return to a normal lifespan in the F5 generation. Unbiased hierarchical clustering analysis showed that WDR-5-regulated genes in wild-type descendants from wdr-5 mutant versus wild-type parents still clustered separately in the F4, but not the F5 generation ( Fig. 6d and Supplementary Fig. 10a ). Principal component analysis (PCA) confirmed that overall gene expression in wild-type descendants from wdr-5 parents versus wild-type parents is easily distinguishable in the F4, but not the F5 generation ( Fig. 6e and Supplementary Fig. 10b ). Genes with transgenerational inheritance of expression were slightly more enriched for H3K4me3 than expected by chance (P 5 0.0123 and P 5 0.0769 for the first and second day of egg-laying, respectively, hypergeometric probability), and may represent the genes that are the most affected by the loss of the H3K4me3 mark. A number of these genes are known longevity regulators and are expressed in the germline (Supplementary Table 7 ). Gene ontology analysis of genes with transgenerational inheritance of expression shows enrichment for different types of metabolic pathways ( Supplementary Figs 9, 10c ), raising the possibility that changes in metabolism may play a role in the heritability of the phenotype. The genes with transgenerational inheritance of expression were different on the first versus second day of egg-laying, and were no longer identified when samples from different days of egg-laying were pooled (E.L.G. and A.B., data not shown). This could be because worms produced on the first day of egg-laying might be more susceptible to H3K4me3 depletion, because each collection day may represent a different snapshot in the rapidly changing L3 stage 36 , or because of inherent stochasticity in the transgenerational inheritance of gene expression. Overall, these results indicate that ancestral H3K4me3 status influences the gene expression of descendants for several generations.
Discussion
Our study provides the first example of epigenetic inheritance of longevity. Histone methylation marks and DNA methylation are generally, but not always, erased between generations with epigenetic reprogramming 37, 38 . Our observations are consistent with the notion that H3K4me3 at specific loci may not be completely erased and replenished. Alternatively, the ASH-2/WDR-5/SET-2 complex could control the expression of the genes responsible for the erasure and replenishment of histone methylation marks between generations. Modulation of H3K4me3 modifiers in parents may also affect an unidentified protein or RNA that could in turn be inherited and cause lifespan changes. Interestingly, H3K4me3 regulators have been suggested to have a role in the inheritance of eye colour in Drosophila 5,6 and of active transcriptional states in Dictyostelium 39 . As the ASH-2 H3K4me3 regulatory complex is conserved from yeast to humans, manipulations of this complex in parents might have a heritable effect on longevity in mammals.
METHODS SUMMARY
Genetic crosses. For genetic crosses, wild-type or pgl-1 male siblings were crossed to hermaphrodite siblings (to generate wild-type descendants) or to hermaphrodite mutants (to generate wild-type and mutant descendants). F1 hermaphrodites were allowed to lay progeny and were then genotyped by single-worm genotyping to ensure that they were heterozygous at the loci of the mutations of interest. Twenty F2 worms were placed on individual plates and allowed to lay ,40 eggs. F2 parents were then genotyped by single-worm genotyping and the lifespan of three independent lines was analysed. Progeny from each of these independent lines were collected after synchronized egg-laying for the F4 and F5 generations and analysed in lifespan assays. For microarray analysis, RNA samples were isolated at the F4 and F5 generations at the larval stage L3. Each sample was prepared from independent F2 clonal parents in triplicate with ,1,000 worms each. Lifespan assays. Worm lifespan assays were performed at 20 uC, unless noted differently, without 5-fluoro-29-deoxyuridine (FUdR), as described previously 40 . For each lifespan assay, 90 worms per condition were used in three plates (30 worms per plate), unless noted differently. Worms that underwent 'matricide', that exhibited ruptured vulva, or crawled off the plates were censored. Statistical analyses of lifespan were performed on Kaplan-Meier survival curves in StatView 5.0.01 by log rank (Mantel-Cox) tests. The values from the Kaplan-Meier curves are included in the Supplementary Tables. 
